Short-stem anatomical shoulder replacement-a systematic review
Anatomical shoulder replacement has been established as a successful treatment option in shoulder pathologies, such as glenohumeral arthritis, inflammatory arthritis, or avascular necrosis of the humerus [10, 17, 28, 31] . The third generation of shoulder arthroplasty with standard-length humeral stems yields good to excellent longterm results. However, standard-length humeral stems are associated with high rates of stress shielding and a risk of proximal humeral bone loss in the case of revision surgery [1, 3, 6, 27] .
» Standard-length humeral stems are linked to high rates of stress shielding
In an effort to mimic native bone stress and to preserve bone in the case of revision surgery, design modifications led to the fourth generation of shoulder arthroplasty with stemless or short-stem humeral components aimed at metaphyseal fixation [7, 11, 14] . In 2016, Harmer et al. performed a systematic review of stemless and short-stem shoulder prosthesis and found that only one study reported results of anatomical shoulder replacement with an uncemented short stem [11] . The authors therefore concluded that longer-term and betterdesigned studies are needed if short stems and stemless components are to become the gold standard for care.
Since then, several studies have reported results of anatomical shoulder replacement with uncemented short stems. In 2016, Casagrande et al. reported their experience with an uncemented shortstem shoulder prosthesis in 73 patients [5] . Six of the 73 patients underwent revision surgery due to loosening of the humeral stem within a mean follow-up period of 28 months. These alarming results necessitate a systematic review of the clinical and radiographic outcome of short-stem anatomical shoulder replacement. This review aimed to evaluate the clinical and radiographic outcome of anatomical total shoulder replacement with uncemented humeral short stems. A secondary aim was to identify and summarize potential risk factors associated with stem loosening in short-stem shoulder arthroplasty.
Methods
A systematic review was performed following the checklist of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). A search using the terms "short stem" (all) and "shoulder" (title/abstract) was undertaken by two reviewers using the PubMed and Cochrane Central Register of Controlled Trials databases. Studies were included in the current review if they met following inclusion criteria: implantation of an uncemented humeral short stem and original studies of human subjects with evidence level I to IV with a minimum follow-up of 20 months.
Short-stem prostheses are designed with a standard shaped stem with a length of <100 mm from head to tip. The implant ends distally in the diaphyseal intramedullary canal without touching the cortex. The stem is fixed and stabilized within the metaphysis. By contrast, standard stem prostheses are longer (>110 mm). They are fixed at the metaphyseal cortex, either "press fit" or with bone cement. In a stemless prosthesis, the implant does not enter the medullary canal of the diaphysis.
Manydifferent indications foranatomical shoulder replacement were included. The titles and abstracts were reviewed for suitability.
Among studies reporting heterogeneous treatments (i. e., standard length and short-stem shoulder arthroplasty), only those that reported outcomes for short-stem shoulder arthroplasty separately were included. Studies reporting on duplicate studies of the same patient cohorts were excluded. Full-text references were reviewed to identify any previously unidentified studies related to the study topic. A flow chart summarizing this selection algorithm is shown in . Fig. 1 . The demographic data, clinical outcome (pain, range of motion, outcome scores), radiographic outcome (humeral bone adaptations, humeral loosening, glenoid loosening), risk for high radiographic bone adaptations, complications, and revision were deter- 
Results
Ten studies met the inclusion criteria and were analyzed in the current review. Eight of the ten studies were case series (level IV therapeutic studies), one study was a retrospective comparative study (level III), and one was a prospective case series (level II). Four different kinds of short-stem prostheses were implanted in the studies: Apex (Apex; Arthrex, Inc., Naples, FL, USA), Ascend Monolithic (Ascend Monolithic, Wright Medical, Memphis, TN, USA), Ascend Flex (Ascend Flex, Wright Medical, Memphis, TN, USA), and Biomet Comprehensive Mini/Micro stem (Bio-Modular Shoulder Mini Stem; Biomet Inc., Warsaw, IN, USA). The characteristics of these shortstem prostheses are listed in . Table 1 .
A series of publications conducted at the ATOS Clinic Heidelberg (Germany) and the Orthopédique Santy in Lyon (France) were identified [22] [23] [24] , and the most recent of these three studies is included in this review. Three multicenter studies [8, 9, 21] performed in the United States and reporting the outcome of patients treated with two kinds of short-stem shoulder arthroplasties are included. The studies by Romeo et al. [21] and by Denard et al. [9] are included in the analysis. One longitudinal study by Schnetzke et al. [25] that reported on the outcome at two different time points (2.6 and 5.3 years) was included. The other studies included one final follow-up without a direct longitudinal comparison with the same cohorts at previous time points.
Demographics
In 2011, Jost et al. reported the results of 49 anatomical short-stem shoulder replacements using the Biomet Comprehensive™ (BC) with mini and micro stems (. Table 2 ; [13] ). In 2010, Wright/ Tornier launched their first type of shortstem prosthesis, the Ascend Monolithic™ (AM), which did not include the option for convertibility or proximal porous coating. There are four studies available reporting on the outcome of 255 patients treated with the AM for different indications. Subsequently, design modifications led to the second generation of short-stem prostheses, the Ascend Flex™ (AF), with a more voluminous and rough titanium porous-coated metaphyseal part and with convertibility from anatomic to reversed design. Six different studies reported the outcome of 288 patients treated with the AF prosthesis for different indications.
The study by Raiss et al. reports only the radiographic results of 150 patients treated with the AF prosthesis [18] . The clinical results of a part of this patient cohort (n = 65) were published by Schnetzke et al. in a separate study [26] . In the studies by Morwood et al. [15] and Szerlip et al. [29] the outcome of the AM and the AF was compared. Denard and coworkers [9] did not differentiate between shoulders treated with AM or AF. Finally, Arthrex has developed a shortstem shoulder prosthesis called Apex™ (AP) and Romeo et al. [21] reported on the outcome of 64 patients treated with
Results. Ten studies comprising 653 shoulder arthroplasties were included in the analysis. At an average follow-up of 20-64 months, the clinical parameters of pain, range of motion, and outcome scores improved significantly in all studies. The most frequent radiographic finding was calcar resorption in 15-71% of patients. High filling ratio, lack of metaphyseal porous coating, and poor bone quality were associated with high bone adaptation. The radiographic changes did not influence the clinical outcome in any study. In 13 of 653 patients (2%), humeral stem loosening was observed leading to stem revision in nine patients, with one study reporting eight of 73 patients with humeral stem loosening. The average weighted complication rate was 6% and the average weighted revision rate was 4%. Conclusion. The short-to medium-term results of uncemented anatomical short-stem shoulder arthroplasty are encouraging and the clinical results are comparable to other 3rd-and 4th-generation shoulder arthroplasties. Further studies with longer follow-up are needed to evaluate and understand why the radiographic changes occur and to prove the theory of bone-sparing revision surgeries. 
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Clinical results
Clinical outcome was reported for 571 shoulders with a mean follow-up of 28 months (range: 20-84). Significant reduction of pain and improvement in range of motion as well as improvement of the outcome scores from preoperative status to final follow-up were reported in all studies (. Table 3 ). Three studies used the standard visual analog scale for (VAS; 0 = best, 10 = worst) for reporting pain improvement. In these studies, the VAS significantly decreased from 6.0 to 1.3 at the final follow-up. Five studies used the pain component of the Constant-Murley scoring system (0 = worst, 15 = best) and one study used The range of motion was reported in all studies included; flexion improved significantly from 99 to 151°and external rotation from 18 to 49°. Abduction was measured in five studies and the average improvement was +65°(82°-147°).
Different outcome scores were used to assess global shoulder function: the CMS (five studies), age-and gender-adjusted CMS (CMS%; fourstudies), and the ASES (five studies) were used most often. The average CMS significantlyimproved from 31 to 77, the CMS% from 38 to 105%, and the ASES from 40 to 82. In the longitudinal study by Schnetzke et al., the CMS improved significantly to a mean of 76 points at the first follow-up after 2.6 years and remained stable, at a mean of 77 points, at the final follow-up after 5.3 years.
Radiographic results
Radiographic changes were reported in 646 shoulders (. Table 4 ). All studies reported radiographic changes with a particular focus on humeral bone adaptations and the rate of humeral loosening. The description of the radiographic changes is inconsistent throughout the studies included. In 13 of 653 patients (2%), humeral stem loosening was observed leading tostem revisioninnine patients, with one study reporting eight out of 73 patients with humeral stem loosening. Eight studies reported on the frequency of calcar resorption ranging from 3 to 71%. One study by Schnetzke et al. reported the radiographic results at two different time points, after 2.6 years and 5.3 years, and found that the overall rating of the shoulders considered to have high bone adaptation decreased from 42 to 37% at the final follow-up. Cortical bone narrowing and osteopenia in the region of the calcar decreased from 76 
Risk factors for radiographic changes/humeral loosening
In three studies, risk factors for the development of radiographic changes were carefully analyzed. A high metaphyseal filling ratio (defined as quotient of the diameter of the prosthesis and the humerus at the level of the distal border of the humeral head) and a high diaphyseal filling ratio (defined as quotient of the diameter of the prosthesis and the humerus at the distal third of the stem) of the humeral short stem led to significantly higher rates of bone adaptions in the studies of Schnetzke 
Complications and revisions
Complications and revision are reported for 578 patients in nine studies (. Table 5 ). The weighted average complication rate was 6% (0-15%) and the weighted average revision rate was 4% (0-12%). The most frequent complications were aseptic humeral loosening (n = 9) and septic humeral loosening (n = 4) leading to nine humeral stem (2) Debridement (1) Deep infection (1) Revision to reverse TSA (1) Traumatic posterior dislocation (1) Romeo (2018) revisions. Humeral stem loosening was only observed in patients treated with the AM stem without proximal porous coating. Casagrande et al. reported the most frequent complication (15%) and revision rates (12%), and a high rate of infection was also reported (four stems with septic loosening). Excluding this study, the weighted average complication rate was 4% and the weighted average revision rate was 2%.
Discussion
Standard long-stem humeral components are associated with complications, such as intraoperative fracture of the humerus, stress shielding, aseptic loosening, and periprosthetic fracture [1, 3] .
This may result in massive bone loss, which requires complex revision surgery. The rationale of implants with metaphyseal fixation that are either stemless or have a short humeral stem is the facilitation of stem removal and preservation of bone in the event of revision surgery [11] . One other important aspect is the occurrence of stress shielding in longstem humeral components, which is associated with aseptic loosening and bone loss in the longer term [16] . Metaphyseal fixed implants should minimize this phenomenon. The effect of reducing stem length has been investigated for implants at other joints, including the distal ulna and hip [2, 20, 30] . Reduced stem lengths have been shown to closely mimic the intact state. In2016, Razfaretal. performed a finite element analysis for shoulder arthroplasty with intact shoulders and three reconstructed (standard length, short, and stemless implants) finite element models and found that reducing stem length produced humeral stresses that more closely matched the intact stress distribution in proximal cortical bone [19] .
» Reduced stem lengths closely mimic the intact shoulder state
In 2016, Harmer et al. wrote a review of new humeral components in shoulder arthroplasty and considered whether "humeral components are getting shorter?" [11] . At that time, only one study by Jost et al. about the results of anatomic short-stem prostheses had been published [13] . Harmer et al. therefore concluded that there was a lack of knowledge in the literature regarding short-stem and stemless humeral components and, more importantly, that we do not know how or when these implants may fail. Since then, metaphyseal fixed implants have gained high acceptance by shoulder surgeons.
Clinical results of short-stem prostheses are encouraging and are comparable to the results with other third-and fourth-generation shoulder prostheses. However, the high rate of stem loosening (8/73 shoulders) in the study by Casagrande et al. has led to some uncertainty regarding the use of short-stem prostheses [5] . Szerlip et al. also reported on aseptic stem loosening in three patients within 1 year of surgery [29] . In both studies, the first generation of the Ascend prosthesis without proximal porous coating was used. Szerlip et al. mentioned that all three cases of aseptic stem loosening were elderly women with osteoporotic bone. In their study, Raiss et al. reported that female gender as well as patient age > 65 years and a cortical thickness of <6 mm were associated with high bone adaptions (p < 0.024). A detailed analysis of the eight cases of stem loosening in the study of Casagrande revealed that five patients had stem loosening due to infection. Moreover, the stems in both studies were implanted using the "press fit" technique, and so there was diaphyseal cortical contact of the stem. According to the analyses of Raiss et al. and Schnetzke et al., a high metaphyseal filling ratio and a high diaphyseal filling ratio of the humeral short stem lead to significantly higher rates of bone adaptions. Therefore, it can be concluded that: the smaller the stem, the lower the risk of high bone adaptations. In this context, it should be mentioned that radiographic changes around humeral components are to be interpreted with caution. Hudek et al. showed that, depending on the radiation scatter, radiolucency in stemless shoulder arthroplasty is associated with an imaging phenomenon with a high rate of misinterpretation [12] .
Interventions on stem design have led to the second generation of short-stem prostheses with porous coating added at the proximal part of the stem. Our study includes 288 shoulders treated with the second generation of the Ascend prosthesis, and no humeral loosening was observed in the short-term follow-up.
The findings from both the current study and the literature can be summarized as five potential risk factors for humeral stem loosening: (unrecognized) chronic infection; press-fit implantation (high filling ratio); cortical contact of the stem; lack of ingrowth surface treatment in the metaphyseal part of the stem; and indications other than primary osteoarthritis (e. g., secondary osteoarthritis).
None of the studies reported on the feasibility of uncemented short stems. This might be because cemented stems were excluded from the analysis. According to the personal experiences of the senior authors (GW and ML) in performing shoulder arthroplasty with short stems over the past 8 years, the percentage of stems that had to be cemented for better primary stability in primary osteoarthritis is low (<1%). Cementing of the stem is more likely (about 10%) for posttraumatic cases or for osteopenic metaphysis in cuff tear arthropathy, where primary stability cannot necessarily be assumed owing to the poor quality of bone.
Limitations
As with any systematic review and metaanalysis, the overall analysis is no better than the methodology and biases of the included studies. Owing to the low levels of evidence of the included studies, the small number of patients, and only short-to mid-term follow-up periods, the theoretically superior results of the shorterstem design have not been shown, yet. The current literature is subject to potential biases, including different follow-up lengths, different numbers and types of patients, and selective reporting [4] . With smaller case series, there is also the potential for bias based on single surgeon performance. Moreover, in eight out of the ten included studies, the results of the Ascend Monolithic/Ascend Flex prosthesis were reported, whereas only one study reported on the results of the Biomet Comprehensive Mini/Micro stem and the Apex™ shoulder prosthesis. Further studies including a higher number of patients with different types of short-stem prostheses and with longer follow-up are needed to show the superiority of shorter stems over standardstem implants and to prove the theory of bone-sparing revision surgeries.
Practical conclusion
4 Anatomical total shoulder arthroplasty using a short-stem humeral component results in good clinical outcomes comparable to third-and fourth-generation shoulder arthroplasty. 4 In patients with poor bone quality, there might be some limitations in using a short-stem shoulder prosthesis. 4 If diaphyseal press-fit fixation of the humeral short stem is necessary to achieve stability, a longer stem or a cemented short stem may be favorable to avoid loosening of the humeral stem in the longer term. 
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